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Abstract 

The  lithium-ion  transport  through  a  porous  LiCo02  electrode  in  1  M  LiC104/ propylene  carbonate  ( PC )  solution  was  investigated  by  using 
cyclic  voltammetry,  galvanostatic  intermittent  charge/discharge  experiments  and  potentiostatic  current  transient  techniques.  The  apparent 
chemical  diffusivities  of  the  lithium  ion  were  determined  as  a  function  of  the  lithium  charging  potential  during  lithium  intercalation  and  de¬ 
intercalation.  In  the  lithium  charging  potential  range,  not  less  than  the  plateau  potential  with  intensive  intercalation/de-intercalation,  both  the 
cathodic  and  the  anodic  current  transient  curves  obtained  from  the  porous  oxide  electrode  are  divided  into  two  stages.  The  first  stage  is  due 
to  the  diffusion  of  the  lithium  ion  through  the  oxide  electrode  and  the  second  stage  is  associated  with  the  accumulation  of  the  lithium  ion  at 
the  center  of  the  oxide  particle.  During  lithium  intercalation,  the  time  from  the  first  to  second  stage  transition  decreased  with  decreasing 
lithium  charging  potential.  This  suggests  that  the  lithium-ion  transport  during  the  intercalation  proceeds  not  by  the  diffusion  in  a  single  phase, 
but  by  the  diffusion-controlled  movement  of  boundary  between  a  concentrated  /3-phase  and  a  dilute  ct-phase.  The  apparent  chemical  diffusivity 
of  the  lithium  ion  in  the  porous  oxide  electrode  was  determined  to  be  ( 10-9-10”8)  cm2  s“ 1  at  room  temperature.  During  the  lithium  de¬ 
intercalation,  the  apparent  chemical  diffusivity  decreased  with  decreasing  lithium  charging  potential.  The  reduced  diffusivity  value  is 
attributable  to  a  raised  lithium  content  in  the  oxide  electrode.  By  contrast,  during  the  lithium  intercalation  the  apparent  chemical  diffusivity 
increased  with  decreasing  lithium  charging  potential.  The  exact  opposite  dependencies  of  the  lithium-ion  diffusivity  on  the  lithium  charging 
potential  during  the  intercalation  and  de-intercalation  were  discussed  in  terms  of  the  phase-boundary  movement  which  is  caused  by  the 
intercalation-induced  stress  gradient  developed  across  the  a/fi- phase  boundary.  ©  1997  Elsevier  Science  S.A. 
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1.  Introduction 

The  electrochemical  lithium  intercalation  reaction  into 
transition  metal  oxides  has  been  studied  by  many  researchers 
[1-3]  due  to  their  versatile  applications  in  the  cathode  mate¬ 
rial  for  high  energy  density  rechargeable  batteries  and  elec- 
trochromic  display  devices.  The  intercalation  reaction  is 
described  as  a  reversible  insertion  of  guest  species  into  a  host 
lattice  without  significant  structural  modification  of  the 
host. 

The  term  ‘intercalation  materials’  has  been  used  for  a  large 
group  of  compounds  which  incorporate  a  large  range  of  guest 
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species  and  show  a  wide  variability  of  chemical  and  physical 
properties.  Recently,  a  more  advanced  rechargeable  lithium 
battery  system  called  the  lithium-ion  cell1  or  ‘rocking-chair 
cell1  has  been  developed  by  using  the  intercalation  materials 
as  the  electrodes  [4] .  This  employs  strongly  oxidizing  com¬ 
pounds  capable  of  reversibly  intercalating  lithium  ion  above 
4  VL(/j ,+  as  the  cathode  materials.  Transition  metal  oxides 
such  as  LiCo02  [5],  LiNiO,  [6],  LiNi,_vCov02  [7],  and 
LiMn204  [8]  are  known  to  satisfy  this  requirement. 

Since  electrochemical  lithium  intercalation  and  de-inter¬ 
calation  are  in  general  limited  by  the  rate  of  lithium  diffusion 
through  the  oxide  electrode,  previous  works  [9,10]  were 
focused  on  the  determination  of  lithium  diffusivity  in  the 
electrode  material. 

In  general,  lithium  intercalation  is  accompanied  by  a  molar 
volume  change  and,  hence,  the  generation  of  the  mechanical 
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stress  gradient  over  the  oxide  particle  [  1 1  ].  The  intercalation- 
induced  stress  gradient  developed  across  the  oxide  powder 
electrode  may  give  rise  even  to  the  formation  of  an  interca¬ 
lated  lithium-concentrated  phase.  Once  the  new  phase  is 
formed,  the  lithium-ion  transport  through  the  oxide  electrode 
may  proceed  by  the  phase-boundary  movement  rather  than 
the  diffusion  of  the  lithium  ion.  The  effect  of  phase-boundary 
movement  on  the  lithium-ion  transport  through  the  porous 
oxide  electrode  is  not  yet  elucidated.  Therefore,  the  current 
transient  analysis  of  the  phase-boundary  movement  should 
give  a  better  understanding  of  the  lithium-ion  transport 
through  the  LiCo02  electrode  as  an  innovative  rechargeable 
battery  system. 

This  work  involves  the  lithium-ion  transport  through  the 
porous  LiCo02  electrode  by  using  a  potentiostatic  current 
transient  method  supplemented  by  cyclic  voltammetry  and 
galvanostatic  intermittent  charge /discharge  experiments. 
The  apparent  chemical  diffusivity  of  the  lithium  ion  in  the 
porous  oxide  electrode  was  determined  as  a  function  of  the 
lithium  charging  potential  by  potentiostatic  current  transient 
techniques.  The  variation  of  the  apparent  chemical  diffusivity 
with  lithium  charging  potential  was  discussed  in  relation  to 
the  diffusion-controlled  movement  of  boundary  separating 
the  two  phases. 


2.  Experimental 

LiCo02  powder  was  prepared  by  calcination  of  a  pressed 
mixture  of  Li2C03  and  CoC03  at  600  °C  for  6  h  in  air, 
followed  by  heating  at  850  °C  for  24  h  in  air  with  intermittent 
grindings.  The  resulting  powder  specimen  was  ground  to 
below  10  jxm  in  particle  size  through  ball  milling.  The  crystal 
structure  of  LiCo02  was  characterised  by  X-ray  diffraction 
( XRD ) .  Powder  XRD  pattern  was  recorded  on  an  automated 
Rigaku  powder  diffractometer  using  Cu  K a  radiation.  The 
porous  electrode  specimen  was  prepared  by  mixing  LiCo02 
powder  with  5  wt.%  Vulcan  XC-72  carbon  black  and  2  wt.% 
po!y( vinylidene  fluoride)  (PVDF)  which  was  used  as  the 
working  electrode. 

A  three-electrode  electrochemical  cell  was  employed  for 
the  electrochemical  measurements.  The  reference  and  counter 
electrodes  were  constructed  from  lithium  foil  and  a  1  M 
LiC104/PC  solution  was  used  as  the  electrolyte. 

Galvanostatic  intermittent  charge /discharge  curves  were 
obtained  under  a  constant-current  condition  by  using  an 
EG&G  PARC  Model  263 A  potentiostat/galvanostat.  The 
charge  and  discharge  currents  were  selected  so  that  a  change 
in  lithium  content  of  A  8=  1  for  Li,  _6Co02  would  occur  for 
5  h.  A  cyclic  voltammogram  was  measured  on  the  porous 
Li,  _5Co02  electrode  with  a  scan  rate  of  0.01  mV  s“ 1  in  the 
potential  3. 1  — 4.5  VL)/Ll+  range. 

Potentiostatic  current  transient  tests  were  performed  on  the 
porous  oxide  electrode  as  a  function  of  the  lithium  charging 
potential  in  the  potential  3.0-4. 1  VLl/Ll  +  range  for  5000  s. 


Prior  to  the  lithium  intercalation,  the  electrode  was  main¬ 
tained  at  4.2  VLl/Ll+  for  3000  s.  Subsequent  potentiostatic 
lithium  de-intercalation  from  the  oxide  electrode  was  made 
at  4.2  VLl/Ll+  for  7500  s. 

All  the  electrochemical  experiments  were  usually  per¬ 
formed  at  25  °C  in  a  glove  box  (VAC  HE493)  filled  with 
purified  argon  gas. 


3.  Results  and  discussion 

Fig.  1  presents  the  cyclic  voltammogram  obtained  from 
the  porous  LiCo02  electrode  at  25  °C.  The  strong  reduction 
and  oxidation  current  peaks  appeared  noticeably  at  the  poten¬ 
tials  of  3.90  and  4.05  VLl/Ll+,  respectively,  due  to  the  inter¬ 
calation  of  the  lithium  ion  into  and  de-intercalation  from  the 
intercalation  sites  in  the  oxide  structure  available  for  the  lith¬ 
ium  ion. 

The  LiCoCL  phase  (referred  to  as  high  temperature- 
LiCo02,  HT-LiCo02 )  prepared  in  this  study  has  a  hexagonal 
structure  with  a  R3m  space  group.  In  contrast,  the  LiCoCL 
phase  ( referred  to  as  low  temperature-LiCoCL,  LT-LiCo02 ) 
synthesised  at  400  °C  shows  a  spinel-like  structure  with  a 
Fdhm  space  group  f  12,13]. 

The  cyclic  voltammogram  in  Fig.  1  indicates  that  the  Li/ 
HT-LiCo02  half-cell  clearly  undergoes  a  single-stage  reduc¬ 
tion  of  the  lithium  ion  and  oxidation  of  lithium.  This 
behaviour  can  be  accounted  for  by  the  fact  that  lithium  ions 
are  located  only  at  the  octahedral  sites  in  the  HT-LiCo02.  In 
contrast,  lithium  ions  are  located  at  the  tetrahedral  sites  as 
well  as  the  octahedral  sites  in  the  LT-LiCoC)2  [  14] . 

The  two  weak  current  peaks  additionally  occurred  at  4.28 
and  4.31  VLl/Ll+  higher  than  the  interealation/de-intercala- 
tion  peak.  The  two  slightly  small  peaks  are  presumably 
assigned  to  the  order /disorder  phase  transition  arising  at 
(  1  -  8)  0.45  to  0.5  in  the  HT-Li,  _*Co02  f  15].  The  isother- 


Fig  1 .  Cyclic  voltammogram  obtained  from  the  porous  LiCoO?  electrode 
in  1  M  LiC104/PC  solution  at  25  °C,  scan  rate:  0  01  mV  s~ 
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(1-6)  in  Li  CoO 

v  '  1-52 

Fig.  2.  First  galvanostatic  intermittent  charge /discharge  curve  for  the  cell 
Li/1  M  Li C104/ PC /porous  Li,_5Co02  electrode  at  25  °C;  charge/dis¬ 
charge:  5  h  rate. 


mal  order/ disorder  transition  ran  with  progressively  stronger 
and  more  widely  spaced  (in  VLl/Ll+)  peak  as  the  cell  tem¬ 
perature  is  lowered  from  25  to  10  °C. 

Fig.  2  shows  the  first  galvanostatic  intermittent  charge/ 
discharge  curves  of  the  porous  LiCoCL  electrode  in  1  M 
LiC104/PC  solution  at  25  °C  in  the  intercalated  lithium  con¬ 
tent,  (1—5),  ranging  from  0.4  to  1.0.  The  deviation  from  the 
ideal  stoichiometry  of  LiCo02,  5,  was  calculated  from  the 
values  of  the  mass  of  the  oxide  and  the  electrical  charge  that 
was  transferred  during  the  application  of  current  pulses.  The 
charge/ discharge  curve  displays  a  wide  potential  plateau  near 
3.95  VLl/Li+  in  the  ( 1  —  5)  range  from  0.7  to  1 .0.  The  occur¬ 
rence  of  the  plateau  is  due  to  the  coexistence  of  two  pseudo¬ 
phases  of  an  Li-dilute  a-phase  and  an  Li-concentrated  (3- 
phase  [  16] .  The  intercalation /de-intercalation  proceeds  to  a 
greater  extent  in  the  potential  range  greater  than  or  equal  to 
the  plateau  potential  3.95  VLl/Ll+. 


Time  /  s 

Fig.  3.  Plots  of  (a)  potentiostatic  cathodic  and  (b)  anodic  current  vs.  time 


The  electrochemical  intercalation  reaction  is  affected  by 
various  factors  such  as  mechanical  stress,  phase  transforma¬ 
tion,  and  electric  field  generated  during  the  intercalation  of 
the  lithium  ion.  The  application  of  a  large  potential  step  or  a 
current  pulse  to  the  electrode  material  may  cause  a  very  steep 
concentration  gradient  of  the  intercalated  lithium  ion  and  at 
the  same  time  a  large  stress  gradient  near  the  surface  region 
of  the  oxide  electrode.  The  intercalation-induced  stress  is 
associated  with  the  coherency  stress  required  to  hold  together 
phases  with  different  lattice  parameters  and  may  give  rise 
even  to  the  formation  of  the  intercalated  lithium-concentrated 
/3-phase.  Hence,  the  enhancing  or  impeding  effect  of  the 
intercalation-induced  stress  on  the  lithium-ion  transport 
during  the  lithium  intercalation/de-intercalation  is  expected 
to  appear  more  markedly  in  lower  lithium  charging  potential 
range. 

Fig.  3(a)  and  (b)  presents  the  potentiostatic  cathodic  and 
anodic  current  transient  curves  in  logarithmic  scale,  respec¬ 
tively,  obtained  from  the  porous  LiCoCL  electrode  in  1  M 
LiC104/PC  solution  at  various  lithium  charging  potentials, 
as  indicated  in  the  figures.  At  lithium  charging  potentials 
greater  than  or  equal  to  the  plateau  potential  in  Fig.  2,  both 
the  cathodic  and  the  anodic  current  transients  were  divided 
into  two  stages.  The  first  stage  is  due  to  the  lithium-ion  dif¬ 
fusion  through  the  oxide  electrode  and  the  second  stage 
relates  to  the  accumulation  of  the  lithium  ion  at  the  center  of 
the  oxide  particle  [17].  On  the  other  hand,  as  the  lithium 
charging  potential  is  dropped  to  3.8  VLl/Ll+  or  less  than 
3.8  VLl/Ll  +  ,  the  potentiostatic  cathodic  current  transients  were 
composed  of  more  than  two  stages. 

The  values  of  the  transition  time  tu  were  measured  as  the 
time  at  which  the  slope  of  the  current  transient  begins  to 
deviate  from  the  initial  value.  From  Fig.  3(a)  it  is  seen  that 
during  lithium  intercalation  tir  decreased  with  decreasing  lith¬ 
ium  charging  potential,  i.e.,  as  the  concentration  gradient 
across  the  oxide  particle  near  the  electrolyte /oxide  electrode 


Time  /  s 

obtained  from  the  porous  LiCoO,  electrode  in  1  M  LiC104/PC  at  25  °C. 
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interface  increased.  By  contrast,  during  the  lithium  de-inter¬ 
calation  tir  increased  as  the  lithium  charging  potential 
decreased,  as  presented  in  Fig.  3(b).  The  transition  time  /tr 
can  be  theoretically  defined  as 


where  DLl+  is  the  chemical  diffusivity  of  the  lithium  ion  and 
/  represents  the  radius  of  the  oxide  particle.  Provided  that  the 
lithium  ion  diffuses  through  a  single  phase,  ttr  is  constant, 
irrespective  of  the  lithium  charging  potential  [18].  Hence, 
the  variation  in  tu.  with  decreasing  lithium  charging  potential 
cannot  be  accounted  for  in  terms  of  diffusion  in  a  single  phase. 

Assuming  that  the  lithium-ion  transport  during  the  lithium 
intercalation  proceeds  by  the  movement  of  boundary  between 
the  concentrated  /3-phase  and  the  dilute  a-phase,  and  that  the 
movement  of  phase  boundary  is  very  facile  where  the  rate  is 
determined  by  the  diffusivity  in  the  outer  concentrated  /3- 
phase,  then  the  cathodic  intercalation  current  can  be 
expressed  as  a  function  of  time  given  in  Eq.  ( 2)  in  the  initial 
stage  of  diffusion  and  Eq.  ( 3)  in  the  later  stage  [19] 
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where  lit)  is  the  current  as  a  function  of  time,  Q  the  total 
charge  transferred  during  the  electrochemical  lithium 
intercalation ( fjJ7(f)d/),  DL «+,aPP  the  apparent  chemical  dif¬ 
fusivity  of  lithium  ion,  Du  +  %p,  the  chemical  diffusivity  of  the 
lithium  ion  in  the  concentrated  /3-phase,  and  t  represents  the 
time.  Furthermore,  txr  can  be  given  by 


t 


tr 
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where  Kmb  is  a  constant  associated  with  the  apparent  chemical 
diffusivity  DLl  +  >  jpp  and  the  concentration  gradient  over  the 
more  concentrated  /3-phase.  The  velocity  of  the  phase  bound¬ 
ary  depends  on  the  surface  concentration  of  the  oxide  parti¬ 
cles.  During  lithium  intercalation,  the  lithium-concentrated 
/3-phase  is  distributed  not  across  the  whole  thickness  of  the 
oxide  electrode  but  only  over  the  relatively  narrow  region 
near  the  electrode  surface.  As  the  lithium  charging  potential 
decreases,  the  lithium  concentration  at  the  electrolyte /oxide 
electrode  interface  increases  and,  hence,  the  concentration 
gradient  across  the  outer  concentrated  /3-phase  rises.  The 
raised  concentration  gradient  helps  the  phase  boundary  move¬ 
ment  and  thereby  reduces  /tr.  Therefore,  this  suggests  that  the 
lithium-ion  transport  during  the  intercalation  proceeds  not  by 
the  diffusion  in  a  single  phase  but  by  the  diffusion-controlled 
movement  of  the  boundary  between  the  a-  and  /3-phases. 

Recognizing  that  Kmb  equals  to  7rDLl+  app,  the  apparent 
chemical  diffusivities  Du+  app  of  lithium  ion  in  the  porous 


oxide  electrode  were  determined  by  using  Eq.  (4)  from  the 
transition  time  txr  on  the  cathodic  intercalation  and  anodic  de¬ 
intercalation  current  transients  presented  in  Fig.  3  and  the 
average  particle  size  (particle  diameter  =*20  jxm,  particle 
radius  /  ~  10  pun)  determined  by  the  scanning  electron 
microscopy  ( SEM ) .  The  determined  apparent  chemical  dif¬ 
fusivities  during  lithium  intercalation  and  de-intercalation  are 
presented  as  a  function  of  the  lithium  charging  potential  in 
Fig.  4. 

The  apparent  chemical  diffusivity  DLj+  app  of  the  lithium 
ion  in  the  porous  oxide  electrode  was  found  to  be  (10-9- 
10“ 8 )  cm2  s~ 1  at  room  temperature.  During  lithium  de-inter- 
calation,  the  apparent  chemical  diffusivity  decreased  with 
decreasing  lithium  charging  potential.  This  tendency  is  sim¬ 
ilar  to  that  charging  potential  dependence  of  the  chemical 
diffusivity  reported  earlier  by  using  galvanostatic  intermittent 
titration  technique  (GITT)  [16]  and  electrochemical  impe¬ 
dance  spectroscopy  (EIS)  [20].  According  to  our  previous 
work  [20],  the  diffusion  of  the  lithium  ion  through  layered 
transition  metal  oxides  is  not  influenced  by  the  change  in 
interlayer  spacing,  but  by  the  number  of  the  vacant  sites 
available  for  the  lithium  ion  within  the  lithium-ion  layer.  With 
a  decreasing  lithium  charging  potential,  the  lithium  content 
in  the  oxide  is  increased  and,  hence,  the  apparent  chemical 
diffusivity  of  the  lithium  ion  decreased.  It  is  expected  that  a 
greater  amount  of  the  /3-phase  with  a  relatively  low  chemical 
diffusivity  is  formed  over  the  oxide  electrode  as  the  lithium 
charging  potential  is  lowered.  Thus,  the  lithium-ion  transport 
through  the  oxide  electrode  during  the  lithium  de-intercala¬ 
tion  is  conceivably  rate-controlled  by  the  slowest  step,  the 
diffusion  of  the  lithium  ion  in  the  /3-phase  rather  than  the 
movement  of  the  phase  boundary. 


Fig.  4.  Apparent  chemical  diffusivities  Z)Lt  +  app  of  the  lithium  ion  in  a  porous 
LiCo02  electrode  vs.  lithium  charging  potential  during  the  lithium  interca¬ 
lation  and  de-intercalation  at  25  °C. 
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On  the  other  hand,  it  is  reasonable  to  state  that  the  rate- 
determining  step  for  the  lithium-ion  transport  during  the  lith¬ 
ium  intercalation  is  the  phase-boundary  movement  rather 
than  the  diffusion  of  lithium  ion  in  the  /3-phase.  The  reason 
why  the  lithium-ion  transport  proceeds  by  the  phase  boundary 
movement  can  be  accounted  for  in  the  following  way.  The 
intercalation  of  the  lithium  ion  is  accompanied  by  the  dis¬ 
placement  of  atoms  constituting  the  oxide  lattice  and  thereby 
build-up  of  a  stress  field  in  the  lattice.  When  the  abrupt  poten¬ 
tial  drop  of  500  to  1100  mV  is  applied  to  the  oxide  electrode, 
the  steep  concentration  gradient  is  expected  to  be  established 
near  the  surface  region  of  the  oxide  particle.  The  steeper  the 
concentration  gradient  is  developed,  the  larger  is  the  inter¬ 
calation-induced  stress  gradient  generated.  On  account  of  the 
large  intercalation-induced  stress  gradient,  the  lithium-ion 
concentrated  /3-phase  nucleates  near  the  surface  of  the  oxide 
particle  and  grows  towards  the  center  of  the  oxide  particle 
[211.  Since  the  interaction  energy  of  intercalated  ions  due  to 
the  elastic  strain  is  inversely  proportional  to  the  volume  of 
the  intercalation  electrode  materials  [22],  the  smaller  the 
particle  size,  the  larger  is  the  effect  of  stress  field  gradient  on 
the  lithium-ion  transport  during  the  intercalation. 

The  quantitative  analysis  of  the  role  of  intercalation- 
induced  stress  in  the  lithium-ion  transport  through  the  oxide 
electrode  with  respect  to  the  particle  size  of  the  oxide  powder 
will  be  detailed  in  the  following  work  [23]. 


4.  Conclusions 

The  present  work  concerned  the  lithium-ion  transport 
through  the  porous  LiCo02  electrode  by  using  cyclic  voltam¬ 
metry,  charge /discharge  experiments  and  potentiostatic  cur¬ 
rent  transient  techniques.  From  the  experimental  results,  the 
following  conclusions  are  drawn: 

1.  The  markedly  strong  reduction  and  oxidation  current 
peaks  observed  at  3.90  and  4.05  VLl/Ll  +  ,  respectively,  are 
due  to  the  intercalation  into  and  de-intercalation  of  the 
lithium  ion  from  only  octahedral  sites  in  the  layered  oxide 
structure.  As  against,  the  two  weak  current  peaks  encoun¬ 
tered  at  4.28  and  4.31  VL,/L|  +  higher  than  the  intercala¬ 
tion /de-intercalation  peak  are  related  to  an  order/ disorder 
phase  transition  arising  at  the  (1—5)  range  from  0.45  to 
0.5  in  Li ,  _  5Co02. 

2.  At  the  lithium  charging  potentials  greater  than  or  equal  to 
the  plateau  potential  in  the  charge /discharge  curve,  the 
cathodic  current  transients  consist  of  two  stages:  (i)  the 
diffusion  of  the  lithium  ion  through  the  Li,  _.sCo02  elec¬ 
trode,  and  { ii )  the  accumulation  of  lithium  ion  at  the  center 
of  the  oxide  particle.  This  is  valid  only  for  the  lithium 
charging  potential  region  where  a  great  portion  of  lithium 
gets  over  the  intercalation/ de-intercalation.  The  transition 
time  from  the  first  to  second  stage  decreased  with  decreas¬ 
ing  lithium  charging  potential.  This  suggests  that  the  lith¬ 
ium-ion  transport  during  the  intercalation  proceeds  not  by 


the  diffusion  in  a  single  phase,  but  by  the  diffusion-con¬ 
trolled  movement  of  boundary  between  the  concentrated 
/3-phase  and  the  dilute  a-phase. 

3.  The  apparent  chemical  diffusivity  DLi+  app  of  the  lithium 
ion  in  the  porous  Li,  _5Co02  electrode  was  determined  to 
be  (10-9-10-s)  cm2  s_1  at  room  temperature.  With 
decreasing  lithium  charging  potential,  the  apparent  chem¬ 
ical  diffusivity  decreased  monotonously  during  the  lith¬ 
ium  de-intercalation,  but  it  increased  during  the  lithium 
intercalation.  The  raised  diffusivity  value  is  ascribed  to 
the  phase-boundary  movement  caused  by  the  intercala¬ 
tion-induced  stress  gradient  generated  across  the  a//3- 
phase  boundary  during  the  lithium  intercalation. 
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